The amounts of carboxymethyl cellulase present in the midguts and hindguts of two species of cockroaches were determined. Numbers of colonies from the guts which digested carboxymethyl cellulose, visualized by flooding plates with cetyltrimethylammonium bromide after incubation, were counted. The numbers indicated the presence of a resident, multiplying population of predominantly anaerobic carboxymethyl cellulose-digesting bacteria in both species of cockroaches. Anaerobic and facultatively anaerobic species of bacteria were isolated, and their carboxymethylcellulase activities were assayed.
Most cockroaches are omnivorous eating many complex molecules including cellulose. Studies by Wharton's group (12, 13) have demonstrated cellulases of both insect origin and bacterial origin in the alimentary tracts of several genera of cockroaches. The microbial cellulase was located mainly in the midgut, whereas that of insect origin was concentrated in the salivary glands. The bacterial origin of the midgut cellulase was determined by assaying the gut tissue after rinsing away the lumen contents and by changes in cellulase production after starvation and feeding antibiotics to the animal. No attempts were made to isolate cellulase-producing bacteria or to estimate the numbers present. As part of a study of the intestinal flora of cockroaches, we have counted and isolated both obligately and facultatively anaerobic carboxymethyl cellulase (CMCase)-producing bacteria from the intestinal tracts ofEublaberusposticus and Periplaneta americana L., omnivorous cockroaches from distantly related families (Blaberidae and Blattidae, respectively). ( and water in cotton-stoppered tubes ad libitum. The food and bedding were steam sterilized before use. Adult animals of both sexes were used for cellulase determinations and isolation of cellulase-pro-ducing bacteria. In experiments with metronidazole (Flagyl; G. D. Searle & Co., Chicago, Ill.), the antimicrobial agent was incorporated in the water supply at levels of 200 to 1,000 iLg/ml. Adult male and nonpregnant female Eublaberus cockroaches weighed from 2.0 to 3.5 g. Midgut wet weight ranged from 80 to 110 mg, and hindgut wet weight ranged from 80 to 220 mg. Periplaneta adults weighed from 0.7 to 1.1 g. Midgut wet weight varied from 9 to 15 mg, and hindgut varied from 13 to 33 mg. There was no correlation between the weights of the gut fractions and the weights of the animals from which they were taken. Isolation of bacteria. To visualize digestion of carboxymethyl cellulose (CMC), we used the technique of Hankin and Anagostakis (5) in which CMC plates are flooded after growth with 1% aqueous cetyltrimethylammonium bromide (Sigma Chemical Co., St. Louis, Mo.), which precipitates undigested CMC and leaves clear zones around CMCase-producing colonies. Insects were dissected aerobically after surface sterilization with ethanol, and the intact midguts and hindguts were transferred in 4.5 ml of sterile dilution fluid (3), one fraction from one animal in each tube, to an anaerobic chamber (Coy Manufacturing Co., Ann Arbor, Mich.). The fractions were homogenized in the chamber with hand-held homogenizers, and 10-fold dilutions were made. Standard plates contained 0.75% CMC (9M8F; Hercules Inc., Wilmington, Del.), 10% rumen fluid, and 0.1% yeast extract in a salts solution containing minerals 1 and 2 (4), resazurin as an oxidation-reduction indicator, 0.05% cysteine hydrochloride as a reducing agent, and 1% agar (Difco Laboratories, Detroit, Mich.). Cellulose medium contained 1% ball-milled Whatman no. 1 filter paper in place of the CMC. In cellulose medium plates the agar concentration was increased to 1.5%. In some experiments the rumen fluid or yeast extract was omitted.
After growth aerobically or anaerobically, plates were replicated and then flooded with 1% cetyltrimethylammonium bromide for counts. Rapidly spreading colonies (often clostridial) masked slower growing colonies and caused the variation in numbers 369 CRUDEN AND MARKOVETZ of countable plates from each fraction. Probable CMCase producers from either original or replicate plates were purified by restreaking and tested again for clearing. Anaerobes were identified by using methods in the Virginia Polytechnic Institute (VPI) Anaerobe Laboratory Manual (6) . VPI tests and media used are listed in Results, with descriptions of the organisms. Tentative identifications of facultatively anaerobic organisms were confirmed by the Iowa State Hygienic Laboratory, Iowa City, Iowa. Fermentation products were determined by gas chromatography on a Carbowax 20M column in a Becker gas chromatograph.
CMC assay. Culture supernatant (from 2-to 6-day cultures after cultures had reached a density of approximately 40 Klett units) or 0.5 ml of the 10-1 dilution of lumen contents of gut fractions were incubated with 1.5 ml of 1% CMC or 1% ball-milled Whatman no. 1 filter paper in 0.05 M citrate buffer, pH 5.8, at 37°C for 1 to 3 h. The reaction was stopped by placing the tubes in a boiling water bath for 10 min. Glucose in the supernatant fluid was assayed by the method of Nelson (9) and Somogyi (10) . Values were corrected for endogenous reducing sugar. Rates were linear in the time range tested. Duplicate assays of each culture fluid or gut fraction were performed, and at least two different cultures of each isolate were assayed. Protein was determined by the method of Lowry et al. (8) with bovine serum albumin as a standard.
RESULTS
The amounts of CMCases present in the midguts and colons of E. posticus and P. americana are shown in Table 1. In P. americana there was more activity in the midgut, in agreement with the results of Wharton et al. (13) , but there was also a significant amount present in the hindgut. In E. posticus there was more CMCase present in the hindgut. The midgut of P. americana, in all animals examined, had a significant content of endogenous reducing sugar, whereas the hindgut of P. americana and both fractions from E. posticus had very little reducing sugar.
Data from three E. posticus adults which had been administered metronidazole in their drink-ing water for 60 days are also shown in Table 1 . Metronidazole is active against strictly anaerobic bacteria and eliminates much of the attached bacterial flora of the hindgut of cockroaches (2) . Metronidazole greatly decreased the amount of CMCase activity in the hindgut and that of the midgut to a lesser extent.
A great deal of animal-to-animal variation was observed in the numbers of CMCase-producing colonies from cultures of midgut and hindgut contents incubated anaerobically or aerobically (Table 2 ). However, it is clear that there were more CMCase-producing colonies on plates incubated anaerobically than on those incubated aerobically, and there were more from the hindgut than from the midgut in both species.
Cultures from the three animals treated with metronidazole had higher numbers of CMCaseproducing colonies from the midgut on plates incubated both aerobically and anaerobically than plates from control animals. The numbers from the colon were within the range of plates from control animals. The differential between aerobically and anaerobically incubated plates disappeared in both the midgut and the hindgut in the metronidazole-treated animals.
The following bacteria which formed clear zones on CMC plates were isolated from E. posticus: Eubacterium, Clostridium, Serratia, The Serratia, C. freundii, and the indole-negative variant of K. pneumoniae also all formed acid from cellobiose, glucose, and fructose. They fermented a wider range of substrates than did the anaerobes. The Serratia formed pigment aerobically, but not in the anaerobic chamber.
A similar Clostridium and a similar Serratia were isolated from P. americana. None of the isolated strains would grow on medium with CMC as the sole organic constituent. All grew well with 0.1% yeast extract or 10% rumen fluid added to the medium. The amounts of CMCase produced from the strains isolated from E. posticus are shown in Table 3 . A reference strain of Ruminococcus albus was used as a control in all determinations. None of the isolated strains digested Whatman no. 1 filter paper. The Ruminococcus also did not digest filter paper strips. When the enzyme assay was performed with ball-milled cellulose as a substrate, using the supernatant liquids from cultures grown with CMC, the activities of all the strains except the Clostridium (which remained about the same) dropped 30 to 75%. DISCUSSION Cellulase is in fact a mixture of enzymes which act on a variety of substrates. Their formation, regulation, and interactions are still not well understood. Some of them are intracellular or periplasmic, whereas others bind firmly to the substrate (1, 7), complicating assay attempts and the comparison of different systems. Thayer (11) isolated a Serratia marcescens from the hindgut of a termite which produced a CMCase which was not extracellular but which was retained by the bacterial cells. This enzyme would be missed in cell culture filtrate assays, but it would show up in our colony counts as a zone of clearing the size of the colony. Wharton et al. (13) dialyzed the alimentary tract fractions extensively ("for several days") in cellulose dialysis tubing, which could explain their low activities in some fractions. Some cellulase activities have also been shown to be inhibited (7) or activated (11) by glucose. Our assay procedure without dialysis would retain small molecules, such as glucose.
Enzyme assays of the gut fractions would detect protozoal cellulases, as well as any salivary gland enzymes which had washed into the posterior gut fractions before dissection. The counts of colonies which clear CMC plates excluded these sources of cellulase but missed fastidious bacteria or those attached firmly to the gut wall and, more significantly, gave no indication of the amounts of cellulase produced. J In cultures of the midgut and hindgut fractions from both cockroach species, approximately 10-fold more CMCase-positive colonies grew on plates incubated anaerobically than on aerobic plates, which is in agreement with the theory that the gut is a highly anaerobic environment and that the majority of gut bacteria are strictly anaerobic rather than facultative. Treatment with metronidazole brought the numbers of anaerobic and aerobic colonies closer together, possibly by allowing opportunistic fac-VOL. 38, 1979 ultatively anaerobic organisms to move into niches formerly filled by anaerobes. The relative amounts of CMCase produced in vivo by facultative versus anaerobic bacteria are not known. The facultative anaerobes are more easily isolated and grown in vitro. Serratia and Citrobacter seem to be general-purpose organisms in both species of cockroach. They are frequently isolated from both the midgut and the hindgut (less often from the hindgut). In addition to strains producing CMCase, strains have been isolated which digested chitin or methyl ketones as well as other recalcitrant molecules (G. E. Becker and D. L. Cruden, unpublished data). Serratia is also an opportunistic pathogen of cockroaches, being the causitive agent of red disease in crowded insect colonies. The fermentation products of all the CMCase-producing bacteria, i.e., predominantly acetate and propionate, can either serve as substrates for other bacterial reactions or be transported across the wall of the hindgut of P. americana (J. W. Bracke and A. J. Markovetz, J. Insect Physiol., in press). We have not determined the effect of changing the diet on the production of cellulase, and there are no data concerning the composition of "natural" diet of the cockroach. It is possible, however, that part of the insect's adaptibility is due to the variety and adaptibility of its microbial flora.
